Introduction
The use of soil sampling to estimate the numbers of weed seeds in the soil is both time and labour intensive, regardless of the techniques used (KropBE 1966; Malone 1967; Feast and Roberts 1973; Thorsen and Crabtree 1977; Fay and Olson 1978; Standifer 1980) . The limiting factor in seed bank studies is ultimately the total volume of soil that can be sampled and processed. The dimension and number of sampling units (or soil cores) are important aspects of the sampling methods.
There is no standard sampling unit used in seed bank studies. Some investigators (Numata et al. 1964; Hayashi and Numata 1971 ) used a species -soil volume curve to estimate the minimum soil volume required to adequately describe the content of a seed bank. This method is analogous to the species -area curve of the phytosociologists, and as such, its main objective is to characterize the species composition of the seed bank. Other investigators (Dospekhov and Chekryzhov 1972; Tulikov et al. 1981) examined the total soil weight required to characterize a seed bank.
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In most seed bank studies, the sampling cost, the available resources (time, space, and labour), and the sampling tool have dictated a n arbitrarily chosen but reasonable sample size. The optimal sample size (total number of sampling units) required in seed bank studies has been investigated specifically by Champness (1949) , Rabotnov (1958) , Goyeau and Fablet (1982) , Barralis et al. (1986) , and Lopez et al. (1988) . The general consensus is that a large number of small sampling units is more appropriate than a small number of large sampling units (KropBE 1966) . This finding concurs with other studies, particularly o n benthic invertebrates (Elliott 1977) where similar problems occur.
Numerous descriptions of seed bank populations have been done in studies of agricultural and natural vegetation, and these results have been reviewed by Roberts (1981) and Leck et al. (1989) . Seed populations in the soil are frequently and erroneously assumed to be homogeneous and normally distributed. The problem in describing the seed distribution in soil is associated with its inherent heterogeneity. Seeds often are shed close to the parent plant. This leads to strong departures from randomness in the seed distribution of populations on and in the soil (Major and Pyott 1966) . Although the most abundant species often have a normal distribution, the less abundant ones usually have a Poisson o r aggregated distribution (Goyeau and Fablet 1982) .
This study was designed to show how the methods of sampling seed banks affect the precision of the estimate of the mean when the underlying distribution of the seed population is unknown. The seed population of an abundant weed, in this case lamb's-quarters (Chenopodiutn spp.), was chosen for investigation. The objectives were (i) to determine which of three auger sizes provides the most precise estimate of the mean for the seed population of Chenopodium spp. in cultivated soil; (ii) to describe the distribution of Chenopodiurn seeds over a large area (1.35 ha); (iii) to determine the minimum number of sampling units needed to provide an acceptable estimate of the mean density and sampling variance of a seed bank population of Chenopodium spp.; and (iv) to examine the influence of various sampling methods on the precision of the estimate of the mean. The four sampling methods used in this study were random, systematic, stratified random, and cluster.
Materials and methods

Study area
A 9.7-ha cornfield near Mount Elgin in Dereham Township, Oxford County, Ontario (42"56'N, 80°46'W), was selected for this study. The field is level and has a clay loam soil with good drainage. In this study, the field excluded the border rows of corn (headlands). An area of 1.35 ha (108.5 x 108.5 m) was randomly chosen within the field and identified as the sampling site. All soil cores were taken to a depth of 15 cm to include most of the plow layer of the cultivated soil.
Seed extraction method
Seeds were extracted from the soil cores using a modified Malone's (1967) technique. Each soil core was soaked for a minimum of 30 min in a solution of sodium hexametaphosphate (50 g/L) and sodium bicarbonate (25 g/L). This suspension was poured over a set of sieves, the upper one being a No. 10 Canadian Standard (2.0-mm mesh opening) and the lower one a No. 20 Canadian Standard (0.85-mm mesh opening). The material was washed through these sieves by a fine spray of water. The debris collected in the lower sieve was transferred onto a Whatman No. 1 filter paper and left to dry for 24 h. Once dried, all seeds of Chenopodiuin spp. were separated by hand and the number of undamaged seeds were recorded. Although most extracted seeds were probably those of common lamb's-quarters (Chenopodium album L.), it was impossible to exclude the possibility that seeds of other Chenopodiurn species were also present, since the pericarp of the retrieved seeds was often eroded by the seed extraction technique. Hence, we refer to the seeds as Chenopodium spp.
Sampling procedures
Auger size Three sizes of soil auger (Table 1) were compared for their efficiency in sampling seeds from the soil. The amount of work required to extract seeds from the large volume of soil collected by the largest auger prevented the taking of many soil cores. As a result, the total volume of soil collected with each size of auger was uniform, and the total number of sampling units taken with each size of auger varied ( Table 1) .
The sampling units for each auger size were taken at random on the sampling site. Sampling was carried out on 5 November 1982 when most of the cornfield remained to be harvested.
Sample size and satnpling ttzethods
Soil cores 1.9 cm in diameter and 15 cm deep were systematically taken at 3.5-m intervals throughout the sampling site on 5-9 August 1982. This sampling procedure created a total of 1024 sampling units arranged in a 32 x 32 matrix. All soil cores, numbered and bagged individually, were stored immediately in a constant-temperature room (6.3 $-0.8"C) until they could be processed.
The cores from the 32 X 32 matrix were used as a seed bank "population" of Chenopodiuin spp. with known parameters, the assumption being that all sampling units in the matrix are immediately adjacent to each other and form a contiguous population. The columns of the matrix were aligned with the corn rows in the field. FORTRAN programs (designed by N.C.K.) were used to simulate sampling carried out on a seed population in the soil. These programs were based on the accepted definition of each sampling method. Simple random sampling is a method where each possible sampling unit has an equal (or known) probability of being selected, and the random selection of such units provides us with unbiased estimates of population means and sampling variance (Cochran 1977) . With systematic sampling, a complete description of the units (or individuals) and their arrangement in the population is required. The first unit is drawn at random from the population, and every ith unit is selected until the desired sample size has been obtained (Sampford 1962) . With stratified random sampling, a population is first divided into subpopulations or strata, which may or may not be of equal size. Within each stratum, a sample is selected randomly and independently (Elliott 1977) . Cluster sampling is similar to simple random sampling whereby groups of units are selected randomly from the population. These groups can also be called clusters or primary units and are composed of secondary units. With cluster sampling, all secondary units are sampled (Stuart 1976) .
A sampling event in the FORTRAN program is defined as a sequence of draws of a sampling unit (or soil core) from the population (or matrix) where every member was given an equal chance of being drawn. At each draw, sampling with replacement was used, and the sequence of draws is terminated when the desired sample size (or total number of sampling units) is obtained. The desired sample size was a multiple of 2 in order for the simulation program to operate within the 32 x 32 matrix.
Precision estimates were measured by the estimate of sampling variance of the mean (S: ) and obtained through a Monte Carlo technique. The sampling variance of the mean (S: ) -measures, for all samples, the dispersion of the sample means (Xi) from the true population mean ( p ) . The Monte Carlo technique consists of calculating the mean for each random sampling event, thereby providing the sampling variance of the mean.
There were 400 sampling events on the population to calculate each Monte Carlo estimate of sampling variance (henceforth termed MC sampling variance) for each sample size studied with each sampling method under investigation. The general formula for the MC sampling variance of the random sampling method is given as where and tn is the total number of sampling units in a sampling event.
Statistical analysis
Auger size
The comparison of auger sizes was made on an equal soil volume basis (100 cm3). A square root transformation of the non-normal data was made prior to analysis. Four soil cores from harvested areas of the sampling site with impeded drainage had compacted soil in the auger and significantly greater numbers of seeds for 100 cm3 of soil. Population distribution Before a comparison of the different sampling technique can be made, it is necessary to describe the sampled population. The goodness of fit to a Poisson distribution of the sampled population of Chenopodium seeds was examined with a X 2 test. A t-test was also used to test the population for departure from randomness using the variance to mean ratio (Kershaw 1973) . The homogeneity of row and column totals for the number of Chenopodium seeds was checked for departure from equidistribution by the X 2 test.
-
Sample size
Sample size obtained by a random sampling method and ranging between 4 and 512 units was tested. A natural logarithm transformation was used to demonstrate a linear relationship between sample size and both the MC sampling variance and population sampling variance using a regression program (Orloci and Kenkel 1985) . Student's t-tests were used to verify the equality of regression coefficients and the equality of elevation of both regression lines (Zar 1974) .
Multiple pairwise comparisons of the MC sampling variance for sample sizes between 45 and 120 units were conducted using the F-test (F = MC S: , I MC 9 ) . As the number of items to be compared increases, so does the chance of making a type I error; the probability of such an error is a . If the level of probability of any such error is to be maintained, the probability of a type I error for any of all possible pairs of comparisons (a') must be so small that their summation does not exceed the desired a (Sokal and Rohlf 1981) . The a ' for 12 pairwise comparisons was calculated as 0.001 using the formula --
where a is the desired probability level, a ' is the probability level of any pairwise comparisons, and k is the number of items to be compared. Using the a' as the probability of rejection, the critical F -value to be used for the F-test was calculated as 4(?,, 0,001, 399, 3991 -
using the FPROBS program (Orloci and Kenkel 1985).
Multiple pairwise comparisons of the the MC sampling variance of the four sampling methods for a given total number of sampling units (n = 64) were also made using the F-test described above.
-
Results
-
Auger size
No significant differences were detected between auger sizes in their estimation of the mean number of Chenopodium spp. seeds per 100 cm3 of soil (Table 2) . Even though sampling variance decreased with decreasing auger sizes, the precision was improved, though not significantly, by taking a larger number of samples with the smaller auger ( Table 2) .
Population distribution
The pattern of the number of Chenopodium seeds per sampling unit is illustrated in Fig. 1 . The distribution is skewed to the right, and a larger than expected proportion of sampling units with high seed numbers was observed. The X2 test revealed a strong departure from randomness, since the goodness of fit to a Poisson distribution was rejected (x2 = 943.2, P < 0.001). The variance to mean ratio was greater than 1, thereby initiating a clustered distribution (u2Ip = 2.78, t = 40.3, P < 0.001). The hypothesis of homogeneity of the total number of Chenopodium spp. seeds for the columns and rows of the matrix was rejected for both totals (x2,, = 58.47, P < 0.001; x2,01umn = 868.67, P < 0.001).
The divergence of row totals for the matrix, taken across the corn rows, is not very pronounced ( Fig. 2A) , but the differences between column totals are particularly evident (Fig. 2B) . These show differences in seed number between corn rows.
Sample size
As the total number of sampling units increased, the MC sampling variance decreased, following an exponential decay curve (Fig. 3) . This relation is linear, as it was observed by plotting ln(S:) versus ln(n) for the population (Fig. 4) were significant differences ( P < 0.05) in the MC sampling variance between sample size of 60 and 45 units or less and 75 units or more (Table 3) .
Sampling methods
With simple random sampling, as the total number of sampling units increases, the MC sampling variance decreases, following an exponential decay curve (Fig. 3) . With systematic sampling, as the total number of sampling units increases, the MC sampling variance decreases (Fig. 5A ). For any sample size (total number of sampling units), the MC sampling variance can fluctuate depending on the configuration of the sampling interval used, but such fluctuations are less pronounced as the sample sizes increases (Fig. 5A) .
With stratified random sampling, as the total number of sampling units increases, the MC sampling variance decreases (Fig. 5B) . For a fixed total number of sampling units, extensive stratification within the matrix does not lead to a decrease in the MC sampling variance (Fig. 5C ). The orientation of the strata has a slight influence on the precision of the mean. Subdivision of the matrix leading to vertically oriented strata (i units > j units) results in smaller MC sampling variance and vice versa (Fig. 5B ). This trend attenuates as the total number of sampling units increases.
With cluster sampling, as the total number of sampling units increases, the MC sampling variance fluctuates (Fig. 5D) . However, for a given total number of sampling units collected, the MC sampling variance decreases as the number of clusters increases (Fig. 5E ). The orientation of the clusters has also a strong influence on the precision of the mean. Sampling with horizontally shaped clusters (i units < j units) resulted in a substantial decrease in the MC sampling variance (Fig. 5D ). This trend is consistent regardless of either the total number of sampling units or the number of clusters sampled.
For a total of 64 sampling units collected, the comparison of all four sampling methods indicated that cluster sampling is significantly different ( P < 0.001) from all other sampling methods (Table 4) .
Discussion
Auger size
For the same total volume of soil sampled, the smallest auger permitted the collection of a greater number of sampling units. This is important because a larger sample size can provide a more precise estimate of the mean (Kershaw 1973; Elliott 1977) . This result was also confirmed by Bigwood and Inouye (1988) . Tulikov et al. (1981) warned that small soil samples ( < 100 g) significantly overestimated the total number of seeds in the soil (P < 0.01). This was not confirmed by our results (Table 2) .
Population distribution
There was evidence ( X 2 test, variance to mean ratio) for a plant, thereby creating a clumping pattern of seeds in or on the soil (Major and Pyott 1966) .
2-
-
Upon closer examination, large differences between column strong clumping pattern (or clustered distribution) of seeds in totals of the matrix were observed in the number of Chenopothe soil. This could be caused in part by the seed dispersal dium seeds. Since the columns in the matrix corresponded to pattern of the parent plants. In weedy species such as corn rows in the field, the seed pattern in the sampling site is Effect of increased total number of sampling units using stratified random sampling. The matrix was divided into four strata. The first number of the orientation of the strata refers to the number of i rows of the matrix in a stratum and the second number, to the number o f j columns of the matrix in a stratum. (C) Effect of increased stratification within the matrix for a total of 64 sampling units using the stratified random sampling method. The numbers above each bar represent the orientation of the strata. The first value refers to the number of i rows of the matrix in a stratum and the second value, to the number o f j columns of the matrix in a stratum. (D) Effect of increased total number of sampling units using the cluster sampling method. Four clusters were sampled within the matrix. The numbers above each bar represent the cluster shape used for sampling. The first value refers to the number of i rows of the matrix in each cluster and the second value, to the number of j columns of the matrix in each cluster. (E) Effect of increasing the number of the clusters for a total of 64 sampling units sampled using the cluster sampling method. The numbers above each bar represent the cluster shape. The first value refers to the number of i rows of the matrix in each cluster and the second value, to the number of j columns of the matrix in each cluster.
one of groups of corn rows with high numbers of Chenopodium seeds and groups of corn rows with low seed numbers. These large variations were not apparent across corn rows.
Heterogeneity in the seed bank between crop rows may be explained by the movement of machinery along the same axis of the field each year. This results in dispersal of the weed seeds along the crop rows rather than across them. Eventually, areas that consistently had higher weed populations may have developed large seed banks in the soil. Areas that had either good weed control or a microenvironment favouring germination or rapid decay of weed seeds may have ended up with relatively small seed banks.
Sample size
The regression lines of the population sampling variance and the MC sampling variance coincided, thereby confirming that the Monte Carlo estimate did come from the same population. This linear regression indicated that doubling the sample size reduced the sampling variance by half (or doubled the precision of the estimate of the mean). The inflection point of the curve was defined as the level beyond which the sampling effort required to substantially decrease the sampling variance increased dramatically. Up to a total of 75 sampling units, * -greater precision is bbtained by increasing the number of sampling units; however, beyond this sample size, the reduction of the sampling variance (or gain in precision of the mean) does not compensate for the substantial increase in sampling effort. Goyeau and Fablet (1982) reported that if the distribution is expected to be aggregated, then the sample size should be greater than 100. They also found that if the expected mean seed density per sampling unit ranged between 1 and 5, then a sample size ranging between 100 and 200 was needed to estimate the mean seed density with 20% precision ( a = 0.01). This was further confirmed by Lopez et al. (1988) . Morin and Wojewedka (1985) suggested 90 cores to estimate the seed bank of heavy infestations of Digitaria sanguinalis (L.) Scop. with 20% precision ( a = 0.05). Similarly, Barralis et al. (1986) found that 90 cores gave precision estimates varying between 20 and 70 % when the mean number of seeds per core varied between 0.1 and 5 and recommended a sample size of 100 units for abundant species.
The distribution of Chenopodium spp. seeds over the study site was both clustered and high (x + SD = 2.37 f 2.568) and ranged between 0 and 20 seedslunit. Both of these attributes suggest that a sample size between 100 and 200 would be needed (Goyeau and Fablet 1982; Lopez et al. 1988) . However, because of the extra labour needed to collect and process additional sampling units without an appreciable decrease in the sampling variance (Table 3) , we suggest that a sampling size ranging between 60 and 75 small sampling units (1.9 cm in diameter) should be sampled to describe the seed bank of abundant species such as Chenopodium spp. This is in agreement with Rabotnov (1958) but lower than recommendations by Barralis et al. (1986) and Lopez et al. (1988) .
Sampling methods
The seed distribution in the soil over the area surveyed exhibited banks of high and low seed densities parallel to the corn rows. Randomly located clusters within the surveyed area would reflect this pattern, accentuating the variation between clusters. Being in direct contradiction with the clustering principle, which aims at increasing within-cluster variance and decreasing among-cluster variance (Stuart 1976 ), a substantial loss in precision results. Indeed, the MC sampling variances for the cluster sampling method were significantly different (P < 0.001) from those for all other sampling methods tested.
Similarly, the placement of systematic units in our sampling site resulted in poor precision when units were taken, so only a few columns (or corn rows) were sampled. This problem was eliminated when units were taken at eaual distances in both directions (i units = j units) or when sampling was more frequent across corn rows than along them. However, this systematic sampling method is not recommended, since an unbiased estimate of the sampling variance is not available (Sampford 1962) .
Thus, either random or stratified random sampling could be used to study the seed banks of weeds in the soil. The multiple pairwise comparisons of sampling methods indicated clearly that systematic and stratified random sampling methods were --as good as random sampling. However, stratified random sampling is more advantageous in cultivated fields, since stratification along crop rows can provide separate estimates of the seed bank for different areas of a field where heterogeneity is suspected, based on known physical, biological, or environmental characteristics of the area.
